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In this work, we present a theoretical and experimental study about the spatial correlations of
paired photons generated by type-II spontaneous parametric down-conversion. In particular, we
show how these correlations can be positive or negative depending on the direction in which the far
field plane is scanned and the polarization post-selected. Our results provide a straightforward way
to observe different kind of correlations, that complement other well known methods to tune the
spatial correlations of paired photons.
PACS numbers: (190.4420) Nonlinear optics, transverse effects in; (190.4975) Parametric processes;
(270.5290) Photon statistics.
I. INTRODUCTION
Correlations have played an important role in funda-
mental physics and practical applications. Regarding
fundamental issues, it was precisely the fact that quan-
tum mechanics allows the existence of the strong correla-
tion, called entanglement, that motivated the discussions
between Einstein and Bohr in the first years of quantum
physics [1]. In the 70’s , the possibility of measuring
correlations between different locations enabled the ex-
perimental demonstration of entanglement, revealing in
this way new features of nature [2].
Besides the fundamental physical implications behind
correlations, they have become a convenient tool for
practical applications. For example, the feature of non-
locality derived from entanglement appears as a suitable
element for remote applications. In particular, using
the continuous time/frequency variables, the possibility
of performing remote spectrometry and different proto-
cols for clock synchronization have been developed [3, 4].
Also, in the spatial case, experiments such as quantum
imaging, quantum interference and quantum lithography
have been presented [5–8]. Furthermore, regarding dis-
crete variables, polarization entanglement has allowed
the use of teleportation in quantum information tasks [9].
Since the 80’s, the nonlinear optical process of spon-
taneous parametric down conversion (SPDC) has pro-
vided a convenient source of entangled photon pairs [10].
Interestingly, due to the intrinsic nature of the SPDC
process the generated photons are entangled in the tem-
poral [11], spatial [12] and polarization degrees of free-
dom [13]. The models developed so far, to describe the
SPDC process, suit very well with the experimental re-
sults for the spectral correlations [14, 15]. Regarding
the spatial domain several authors have reported the de-
pendence of the spatial correlations on crystal’s length,
pump’s waist, geometry of the down-converted process,
and even different combinations of the transverse spatial
variables [16–20]. More recently, the implementation of
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a new family of sensitive CCD cameras has allowed to re-
visit and study such spatial correlations [21, 22], not only
in SPDC but also in the high gain regime [23, 24]. All
these interesting results have been presented for type-I
phase matching. On the other hand, for photons gener-
ated by non-collinear type-II SPDC there has been less
experimental work. For example, in reference [25] the po-
sition and transverse momentum correlations of photons
pairs have been measured in order to study the spatial
entanglement. Although in this paper the authors used
a type-II crystal, the effects of the different polarizations
between signal and idler on the spatial correlations are
lost because the setup used combines the SPDC output
with a two-photon interferometer.
In the present work, we report the measurement of
the transverse momentum correlation for non-collinear
type-II SPDC pairs as they come out directly from the
crystal. As a remarkable result, we find different kind
of transverse correlations between photons when we scan
in perpendicular directions in the Fourier plane and use
different post-selection schemes. These experimental re-
sults provide a direct way to have different kind of cor-
relations, that complement other well known methods to
tune them. Additionally, it could be used to generated a
counter-Einstein-Podolsky-Rosen (CEPR) state that has
positive correlation in transverse momentum and an neg-
ative correlation (anti-correlation) in position [26].
II. THEORETICAL BACKGROUND
The physical phenomena studied in the present work
are depicted in Fig. 1: photons generated by SPDC are
collected by two detection systems placed in the Fourier
plane of the crystal’s output face in order to measure co-
incidences between the two detectors and reconstruct the
spatial transverse correlation. For a type-II SPDC pro-
cess, using first order perturbation theory and the parax-
ial approximation, the two-photon state as a function of
the transverse wavevectors qµ = (q
x
µ, q
y
µ) and frequency
detunings, Ωµ = ωµ − ωµ0 , around the central frequen-
cies, ωµ0 , for the extraordinary (e) and ordinary (o) fields
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2(µ = e, o), is given by
|ψ〉 =
∫
dqedqodΩedΩo×
× [Φ(qe,Ωe;qo,Ωo)aˆ†(Ωe,qe)aˆ†(Ωo,qo)
+Φ(qo,Ωo;qe,Ωe)aˆ
†(Ωe,qe)aˆ†(Ωo,qo)
] |0〉, (1)
where Φ(qe,Ωe;qo,Ωo) and Φ(qo,Ωo;qe,Ωe) are the
mode functions or biphotons that contain all the infor-
mation about the correlations between the pair of down-
converted photons and the operator aˆ† indicates the cre-
ation of a µ-polarized photon with transverse momentum
qµ and frequency detuning Ωµ.
The mode function Φ(qe,Ωe;qo,Ωo) is related with the
joint probability of detecting both an e-polarized down-
converted photon, with transverse momentum qe and fre-
quency detuning Ωe, at detector A and an o-polarized
photon, with transverse momentum qo and frequency
detuning Ωo at detector B. An analogous definition ap-
plies for Φ(qo,Ωo;qe,Ωe). Particularly, Φ(qe,Ωe;qo,Ωo)
reads
Φ(qe,Ωe;qo,Ωo) = Nα(∆0,∆1)β(Ωe,Ωo)
× sinc
(
∆kL
2
)
exp
(
i
∆kL
2
)
, (2)
where N is a normalization constant, α(∆0,∆1) has the
functional form of the pump’s transverse distribution, L
is the length of the nonlinear crystal and ∆0, ∆1 and
∆k are functions that result from the phase matching
conditions and are defined as
∆0 = q
x
e + q
x
e , (3a)
∆1 = q
y
e cosφe + q
y
o cosφo
−NeΩe sinφe +NoΩo sinφo − ρeqxe sinφe,
(3b)
∆k = Np(Ωe + Ωo)−NeΩe cosφe −NoΩo cosφo
− qye sinφe + qyo sinφo + ρp∆0 − ρeqxe cosφe.
(3c)
The angles φe and φo are the creation angles of the
down-converted photons inside the crystal with respect
to the pump’s propagation direction, whereas the angles
ρp and ρe account for the walk-off of the pump (p) and
the extraordinary down-converted photon, respectively.
Such angles are given by ρ = − 1n ∂n∂θ , ( = p, e), where
n is the effective refractive index and θ is the angle
formed by the corresponding wavevector, and the opti-
cal axis of the nonlinear crystal. Nµ =
dnµ(ωµ)ωµ
dωµ
∣∣
ωµ=ω
µ
0
denotes the inverse of the group velocity for each photon.
A good way to grasp the information about the cor-
relations that are contained in Eq. (2) is by taking into
account the following considerations: A pump beam with
a Gaussian profile and a waist wp in such a way that
α(∆0,∆1) ∝ exp
[−w2p(∆20 + ∆21)/4], and the sinc func-
tion approximated by a Gaussian function with the same
width at 1/e2 of its maximum, i.e. sinc(x) ≈ exp (−γx2)
with γ equal 0.193. With these two considerations Eq. (2)
reduces to
Φ(qe,Ωe;qo,Ωo) = N×
× exp
[
−w
2
p(∆
2
0 + ∆
2
1)
4
− γ
(
∆kL
2
)2
+ i
∆kL
2
]
. (4)
In order to observe the transverse correlations,
the frequency information has to be traced out,
hence the spatial biphoton, Φ˜(qe;qo) is given by∫
dΩedΩofe(Ωe)fo(Ωo)Φ(qe,Ωe;qo,Ωo), where fµ(Ωµ)
represents the behavior of the spectral filters placed in
front of each detector. For the present study, these filters
are modeled as fµ(Ωµ) = exp
[−Ω2µ/(4σ2µ)], with band-
width σµ chosen to achieve a regimen where the spatial-
spectral correlations are completely broken [27].
Experimentally, it is possible to obtain information
about the spatial biphoton by measuring the rate of co-
incidence counts. For an e-photon with transverse mo-
mentum qe at the detector A, and the o-photon with
transverse momentum qo at detector B such rate is given
by
S(qe;qo) ≡ |Φ˜(qe;qo)|2 =∣∣∣∣∫ dΩedΩofe(Ωe)fo(Ωo)Φ(qe,Ωe;qo,Ωo)∣∣∣∣2 . (5)
Analogously, the corresponding coincidence rate where
the e-photon is detected at B and the o-photon is de-
tected at A, is defined by S(qo;qe) ≡ |Φ˜(qo,qe)|2.
The theoretical predictions for the coincidence rates
can be seen in the top panels of Figures 2 and 3, where it
has been used the fact that in the Fourier plane there is
a one-to-one correspondence between the transverse mo-
mentum and position. Explicitly q = 2piλ0f x˜, and there-
fore
S(qe;qo) =
∣∣∣∣Φ˜( 2piλ0ef x˜A, 2piλ0of x˜B
)∣∣∣∣2 , (6)
where λ0µ is the central wavelength of the µ-polarized
down-converted photon, x˜η = (xη, yη) (η = A,B) de-
notes a position vector in the biphoton’s Fourier plane,
and f is the focal length of a lens that is used to do
the transformation to the Fourier plane in the experi-
mental setup. Fig. 2(a) and Fig. 2(b) depict S(qye ; q
y
o )
and S(qyo ; q
y
e ), respectively, showing the correlations in
the y-direction between the two Fourier planes. On the
other hand, Fig. 3(a) and Fig. 3(b) depict S(qxe ; q
x
o ) and
S(qxo ; q
x
e ), respectively, showing the correlations in the x-
direction. It is important to point out three remarkable
observations. First, the y-transverse momentum exhibits
a positive correlation whereas the x-transverse momen-
tum shows a negative one. This observation is interest-
ing since it tells us that just by performing a change in
the scanning direction of the Fourier plane, it is possible
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FIG. 1. Experimental setup. The diode laser has central
wavelength at 407 nm and is spatially shaped as a Gaussian
beam with a waist of 31 µm and 42 µm in the horizontal
(y-direction) and vertical (x-direction) direction, respectively.
M1 and M2 are mirrors. L is a lens with focal length of 150
mm that fixes the desired waist on the 4-mm BBO type-II
crystal (NLC) to generate a pair of down-converted photons
at a half open angle of ∼ 6◦. Each lens L1 and L2, both
with focal lengths of 750 mm, configures a 2f -system. The
detection system consists of a polarizer Pη, a 5 nm-bandwidth
interference filter (IF) centered at 814 nm, a pinhole (PH) and
a multimode fiber to take the photons to detectors, DA and
DB .
to observe a completely different kind of spatial correla-
tion. In other words, in a type-II SPDC process, both
kind of momentum correlations, positive and negative,
are present depending on the observed direction of the
far-field plane. Second, the positive correlation present in
the y-direction may be surprising at first sight, since one
expects an anti-correlation for the transverse momentum
of down-converted photons; however, this is true only for
certain values of the pump’s waist. The waist chosen to
depict Fig. 2, wp = 31 µm, is such that together with
the other relevant parameters in the SPDC generation
yields to a positive correlation. This is similar to what
has been reported for the type-I case [17]. Third, the spa-
tial correlation in the y-direction is insensitive to which
polarization arrive to each detector. On the contrary, the
spatial correlation in the x-direction is highly affected by
the detected polarization as is revealed by the different
orientations of S(qxe ; q
x
o ) and S(q
x
o ; q
x
e ).
III. EXPERIMENTAL REALIZATION
To corroborate the previous theory, the setup in Fig. 1
is implemented, where a diode laser beam, centered at
407 nm and spatially shaped by a spatial filter, is focused
by a lens L into a 4-mm-length type-II BBO crystal.
Each of the generated down-converted photons passes
through a 2f -system in order to obtain the momentum
FIG. 2. Spatial correlations in the y-direction at the bipho-
ton’s Fourier plane. Panels (a) and (c) depict S(qye ; q
y
o ) from
the theoretical model and the experimental results, respec-
tively. Panels (b) and (d) depict S(qyo ; q
y
e ) from the theoretical
model and the experimental results, respectively.
distribution of the photon pairs at the Fourier plane. The
combined scan to measure momentum correlations is ac-
complished by two detection systems that consist on po-
larizers, an interference filters, 2.0 mm-diameter pinholes,
multimode fibers and single photon counters (SPCM-
AQRH-13), DA andDB , whose outputs are analyzed by a
FPGA card that allows to count singles and coincidences.
The detection systems are mounted on automated trans-
lational stages to do a full scan of the biphoton’s Fourier
plane either in the horizontal or vertical direction. In the
experiment, we perform the measurement of S(qe;qo)
or S(qo;qe) by rotating the polarizers, PA and PB , to
detect either the e- or o- photon in the corresponding
detector, DA or DB .
When both detectors are scanned in the direction par-
allel to the optical table (y-direction), the bottom panel
in Fig. 2 shows the experimental results post-selecting
different polarizations for each detector. In particular,
Fig. 2(c) shows S(qye ; q
y
o ) and Fig. 2(d) shows S(q
y
o , q
y
e ).
In both situations, the momentum correlation is in good
agreement with the theory. On the other hand, the
bottom panels of Fig. 3 display the transverse momen-
tum correlations when the detectors scan the Fourier
plane in the perpendicular direction to the optical ta-
ble (x-direction) for different post-selected polarizations.
Fig. 3(c) depicts S(qxe ; q
x
o ), whereas Fig. 3(d) illustrates
S(qxo ; q
x
e ). From the graphs, it is clear that the vertical
transverse correlation changes drastically with respect to
the horizontal transverse behavior: The orientation of
the coincidence rate shows a negative correlation, mainly
4FIG. 3. Spatial correlations in the x-direction at the bipho-
ton’s Fourier plane. Panels (a) and (c) depict S(qxe ; q
x
o ) from
the theoretical model and the experimental results, respec-
tively. Panels (b) and (d) depict S(qxo ; q
x
e ) from the theoretical
model and the experimental results, respectively.
due to the contribution of the walk-off angles, ρµ, only
in the x-direction as can be seen by the term ρeq
x
e sinφe
in Eq. 3(b) and the term ρp∆0 − ρeqxe cosφe in Eq. 3(c).
Additionally, it is clear, that the polarizers play an im-
portant role in the shape of the spatial mode function,
as expected from the theory.
In conclusion, we have experimentally demonstrated
that for a fixed value of the pump’s waist, it is possible
to achieve different kind of transverse correlations be-
tween type-II SPDC photons by changing the direction
in which the Fourier Plane is scanned. Additionally, the
correlation in the vertical direction is affected by the cho-
sen post-selection polarization scheme. These behaviors
occur because of the crystal birefringence that results in
a walk-off angle that affects differently the e- and o- pho-
ton and introduces a distinguishability between differ-
ent directions of the transverse correlations. Our results
complement the already well known methods in which
the pump spatial and spectral profiles are used to tune
the spatial correlations of SPDC photons.
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